Multi-terminal dc networks based on voltage source converters (VSC) are the latest trend in dc-systems; the interest in the area is being fueled by the increased feasibility of these systems for the large scale integration of remote offshore wind resources. Despite the active research effort in the field, at the moment issues related to the operation and control of these networks, as well as sizing are still uncertain. This paper intends to make a contribution in this field by analyzing the sizing of droop control for VSC together with the output capacitors. Analytical formulas are developed for estimating the voltage peaks during transients, and then it is shown how these values can be used to dimension the dc-bus capacitor of each VSC. Further on, an improved droop control strategy that attenuates the voltage oscillations during transients is proposed. The proposed methods are validated on the dc-grid benchmark proposed by the CIGRE B4 working group. Starting from the structure of the network and the power rating of the converters at each terminal, the output capacitors and the primary control layer are designed together in order to ensure acceptable voltage transients.
Introduction
While LCC is a mature technology that is successfully used in 41 applications transferring very large amounts of power with high 42 efficiency, it has the drawbacks of drawing considerably amounts 43 of reactive power and generating a large number of low-harmonics, 44 hence it requires a strong connection to the ac-network [2] . More-45 over, the operation and control of LCC dc networks with more than 46 two terminals has proved to be extremely difficult.
47
VSCs, on the other hand, can connect to very weak ac-grids. They 48 can provide reactive power and have black start capability. The 49 smaller filters and compensators reduce considerably the overall 50 footprint of the station, making it ideal for offshore platforms and 51 dense urban environments. Higher losses and smaller power rat-52 ings used to be the main disadvantage of the VSC, but advances in 53 multi-modular converters (MMC) are tackling this issue [3] .
54
The fast advances in power electronics, together with the chal-55 lenges raised by the integration of distributed generation into the 56 modern distribution network, has drawn a lot of attention towards 57 VSC multi-terminal dc (MTDC) networks. Daring projects as the 58 North Sea Supergrid, which propose to use such a network for inte-59 grating the wind power resources of the North Sea in the mainland 60 grids, have fueled the research in the area for the past few years 61 [4] [5] [6] [7] [8] [9] . Even though the topic of HVDC for the integration of off-62 shore wind farms is the most approached subject in the area, 
119
The paper is organized as follows: Section 2 presents the math- 
Mathematical prerequisites 130
The method for sizing the capacitors of the dc-network that 131 is proposed in this paper relies on the estimation of the voltage 132 overshoot during transients generated by the connection or discon-133 nection of loads. This approach is proposed in order to ensure that 134 the voltage will not reach values that might damage the converters 135 during sudden load changes.
136
As it will be seen in the following sections, the transfer functions 137 to be studied can be approximated by second order systems or, in 138 some cases, second order systems with a zero. Therefore, we will 139 start by providing analytical formulas for calculating the overshoot 140 of these systems to a step change. (1) is the canonical form of a second order system, where 143 ω n is the natural oscillation frequency of the system and is the 144 damping of the system. Considering the under-damped case, < 1, 145 the time response of the system, y 2 (t), to a step change can be 146 calculated as shown in (2) .
In order to get the maximum value of y 2 (t), we can set its deriva-150 tive to zero to obtain the time value t pk at which the peak of y 2 151 occurs. Afterwards, by evaluating y 2 at t pk , one can obtain the peak 152 overshoot, y pk 2 as shown in (3) .
2.2. Second order system with a zero
155
The same methodology applied for calculating the overshoot of 156 second order systems can be applied for second order systems with 157 a zero. The transfer function of such a system is shown in (4) .
When calculating the transient response to a step change in time 160 domain, one can see it as the sum of the response of a second order 161 system and its derivative scaled by the a term, as seen in (5). band.
188
The definition of the operating voltage bands and how they 189 relate to droop control is described in details in [31] , but the article 190 provides no method for dimensioning these operating bands for a
191
given system, nor a solution for the reciprocal: having selected the 192 height of the operating bands, the parameters of the system should 193 be dimensioned so that voltage intervals are always satisfied.
194
The sizing of the NO band can be approached by analyzing the 
Droop control dynamics

209
The change in the operating point of the converter is showed 210 as sliding along the droop curve in Fig. 1 . However, this is not the 211 response expected from a real system. In reality, due to overshoots 212 and oscillations in both voltage and current, the trajectory followed 213 by the operating point of the converter will more likely look as the 214 one presented in Fig. 1b . Understanding what parameters have an 215 important effect on these oscillations will help in sizing the system 216 in order to reduce its oscillatory behavior.
217
The control structure of the dc-bus voltage considered for this 218 analysis is composed of two loops: an internal current loop and an 219 external voltage loop. As shown in Fig. 2 , the current loop is con-220 sidered to have perfect closed loop dynamics and is approximated 221 with a first order system with time constant T cl . The outer voltage 222 loop is controlled using a droop strategy, with an equivalent droop 223 resistance r d .
224
Fig . 3 shows the typical evolution of the current injected by the 225 converter and of the dc voltage after a step change in the load 226 current, i out . Eq. (7) shows the relationship between the voltage 227 reference, the load/disturbance current i out , and the injected cur-228 rent i in ; with the corresponding transfer functions being defined in 229 (8) and (9) .
The effect of the reference changes on the injected current is not 234 so critical as the effect of the disturbance since additional filters 235 can be mounted on the input path in order to smooth any sudden 236 change in reference. As seen in (9) the transfer function from the 237 Fig. 3 . Evolution of the (a) current injected by the VSC and (b) dc voltage to a step in the load current. disturbance current to the actual injected current is of second order 238 and can be written in the canonical form with the terms presented 239 in (10) .
There are some important aspects that can be observed from faster, therefore decreasing T cl , either by increasing r d or C.
247
As seen in Fig. 3 the current response will experience a peak 248 value, I pk . Using the procedure presented in the previous section, 249 for a unit step in i out , the peak current injected by the converter is 250 obtained as shown in (11) . For safety reasons, this value has to be 251 smaller than the peak rating of the converter.
Further on, by taking the transfer functions of the systems inter-254 acting in Fig. 2 we can determine the expression of the output 255 voltage as shown in (12) . We can see that the effect of the dis-256 turbance on the dc voltage is that of a second order system with a 257 zero. As previously explained, a fast current loop would transform 258 the system into a first order system with the time constant imposed 259 by r d and C.
261
263
As shown in Fig. 3 the steady state voltage offset is equal to 264 the product between the droop resistance and the load current. A more critical scenario that has to be analyzed is when the load 273 is connected to the converter through a long cable or overhead line 274 as shown in Fig. 4 . Here, an equivalent -model is used for the 275 cable, and the shunt capacitors are lumped together with the dc-276 bus capacitors of the two converters connected at each end of the 277 line.
278
Fig . 5 shows a typical evolution of the current injected by the 279 converter as well as of the voltages at the two ends of the cable. The 280 previous case, in which the cable was not included in the analysis, 281 is added to the figure with a dotted line for comparison. It can be 282 seen that the presence of the cable results in larger transients. The 283 largest voltage overshoot will appear at the terminal where the 284 load change occurred. For the case presented in Fig. 5 , this is the 285 overshoot of the voltage at terminal 2, namely V 2pk .
286
The previously used method for calculating the overshoots in 287 the system cannot be applied for obtaining V 2pk because the transfer 288 function from i out to v 2 , for the complete system, is of a higher order. 289
However, a good approximation can be obtained by considering ter-290 minal 1 as a constant voltage source, as shown in Fig. 6 . Fig. 7 shows 291 the evolution of the voltage at terminal 2 after a step change in the 292 load, while considering different values of the droop resistance. It 293 can be seen that, while the droop resistance has a considerable 294 effect on the attenuation of the voltage oscillations, it has almost 295 no effect on the first peak. Therefore, we can assume that V 2pk is 296 independent of the droop resistance, and we can approximate it 297 with the value obtained by considering the system connected to a 298 constant voltage source.
299
For the system presented in Fig 6 , the relationship between v 2 300 and i out is described by (15) and (16) . As it can be seen, the equiva-301 lent transfer function corresponds to a second order with an added 302 zero. For this type of transfer function, the methodology presented 303 in Section 2 can be used in order to calculate its overshoot. (15) . At steady-state, only the influence of the cable 332 resistance is notable, but as the frequency increases, the parasitic 333 inductance of the cable starts to resonate with the capacitor at 334 the output of the converter, creating a peak in magnitude at ω osc , 335 defined in (17) .
G Model
A constant droop resistance, r d , will offer the same amount of 338 damping over the entire frequency range as seen in Fig. 8 . However, 339 a dynamic droop resistance K d , as defined in (18), will have the same 340 steady-state behavior as r d , but it will provide a larger damping at 341 the resonating frequency.
The standard droop control is replaced with K d , as shown in 344 Fig. 9 , and the response of the system is shown Fig. 10 . The dot-345 ted lines -displayed for comparison -are the responses of the 346 droop controller, previously shown in Fig. 5 . The solid lines are the 347 responses obtained by using K d . Several aspects should be pointed 348 out. Firstly, K d can also be seen as a damper on the current dynam-349 ics; the current response to high frequency perturbation is slowed 350 down. In this way the peak overshoot of the current is consider-351 ably reduced, as seen in Fig. 10a . As the current response is slower, 352 the voltage at terminal 1 presents a much larger peak compared 353 with the previous case and the voltage at terminal 2 also presents 354 a slightly larger overshoot. In terms of damping, it can be clearly 355 noted that the oscillations are considerably attenuated by using K d . 356 In order to tune K d , one needs to calculate ω z and ω p based on 357 (19) and (20).
We choose the frequency of the pole, ω p , so that the gain of As a study case for demonstrating the proposed concepts we 393 selected a five terminal dc network proposed by the CIGRE B4 DC 394 working group, and reproduced here in Fig. 12 . In this network the 395 converters at terminals 1, 2, and 3 (T1, T2, and T3) are droop con-396 trolled and link the dc-network with neighboring ac systems. In 397 the original proposal of this system converters 4 and 5 are used as 398 interfaces for two offshore wind power plants, therefore they will 399 be operated as constant power elements in our analysis.
400
Since part of the network is considered to be offshore, some 401 of the interconnecting lines are submarine cables (CBL) while the 402 others are overhead lines (OHL). The parameters per unit of length 403 proposed in [25] for the two types of lines are presented in Table 1 . 404 In our analysis we used an equivalent -model for the connecting 405 lines and cables. The parameters of the models used for each line 406 are shown in Table 2 . In ac-systems the equivalent -model is only 407 accepted for cables with lengths up to 50-80 km. However, in the 408 dc-system that we are investigating, the capacitor at the output of 409 the converter is expected to be considerably larger than the cable 410 capacitance. Our simulations showed very little difference in the 411 dynamic response of a cable modeled by a single -section and one 412 modeled by multiple sections when the cable is terminated with 413 the large capacitors required for the operation of the VSC. Table 3 presents the rating of the converters connected at the For the network presented in Fig 12, the size of the capacitors has to be calculated so that the voltage 455 peak will never be larger than 15%.
414
456
We are going to demonstrate the approach by sizing the capac- Fig. 13 .
463
It can be seen that for a capacitor larger than 0.18 mF, the peak 464 overshoot in the voltage is smaller than the 15% bound imposed by 465 the three voltage bands. To account for the approximations made in 466 the analysis we chose a capacitor value that gives a slightly smaller 467 overshoot than the 15% limit. The value used in our simulation for 468 C 2 is 0.275 mF. The others capacitors were tuned using a similar 469 approach, and the final values used in simulation are shown in 470 Table 4 .
471
A rather large difference can be observed between the size of 472 the capacitor connected at T2 and the capacitors connected at T1 473 and T3, despite the fact that the power ratings of the three con-474 verters are equal. This leads us to the conclusion that the size of 475 the output capacitor is not only related to the power rating of the 476 converter, but also to its position in the network. T1 and T3 are 477 more strongly connected to the network, each of them being con-478 nected through rather short lines to three neighboring terminals. 479 The converter at T5 on the other hand has a more isolated position; 480 only two neighboring terminals and one of them, i.e. T1, located 481 at a very long distance. Therefore, if a perturbation appears at T2, 482 more capacitance is required in order to maintain the voltage inside 483 the operating limits, and thus gain some time until the perturbation 484 propagates to the other terminals of the network and they start to 485 participate in the voltage regulation. 
Simulation results
487
Once the size of the capacitors has been chosen, the damping 488 controllers proposed in Section 5 can be designed for the five con-489 verters. The response of the network under classic droop control, 490 compared with the response obtained with the damping controller 491 can be seen in Fig. 14. 
492
The results are obtained considering the following operating 493 scenario: the network is at the steady state operating point shown 494 in Table 5 , with T1 loading the network, and T4 and T5 acting as 495 
